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The process of neurogenesis, through which the entire nervous system of an organism is
formed, has attracted immense scientific attention for decades. How can a single neural
stem cell give rise to astrocytes, oligodendrocytes, and neurons? Furthermore, how is
a neuron led to choose between the hundreds of different neuronal subtypes that the
vertebrate CNS contains? Traditionally, niche signals and transcription factors have been
on the spotlight. Recent research is increasingly demonstrating that the answer may
partially lie in epigenetic regulation of gene expression. In this article, we comprehensively
review the role of post-translational histone modifications in neurogenesis in both the
embryonic and adult CNS.
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INTRODUCTION
Histone post-translational modifications (PTMs) have been implicated in a multitude of
developmental processes and diseases (Bhaumik et al., 2007; Chi et al., 2010; Tyssowski et al.,
2014; Yao and Jin, 2014). Throughout the last decade, interest into the role of histone PTMs in
neurogenesis has risen. The goal of this review is to provide an overview of the current evidence for
histone PTM involvement in neurogenesis, the known mechanisms that initiate these processes, as
well as investigate the contribution of histone PTMs to the complex and interconnected network
of epigenetic modifications. We begin with a brief introduction into neurogenesis and histone
PTMs, then move on to discuss the major histone PTMs (i.e., acetylation and methylation) that
have been investigated in the context of neurogenesis, highlighting a few studies that exemplify the
main conceptual insight. Lastly, we discuss how these processes are initiated and how specificity is
achieved.
Neurogenesis
Neurogenesis in vertebrates begins after ectodermal cells acquire a neuroepithelial identity through
the process of induction and subsequent morphological transformation to become radial “glial”
cells with stem cell properties (Dang and Tropepe, 2006; Kriegstein and Alvarez-Buylla, 2009).
Neuroepithelial cells, followed by radial glial cells, undergo a period of population expansion
before radial glial cells differentiate into committed transit amplifying progenitors (Figure 1) that
eventually give rise to mature cells of the central nervous system (CNS). Through a cell intrinsic
clock, these neural stem cells initially differentiate into neurons and switch their competence toward
generating astrocytes (Miller andGauthier, 2007), as depicted in Figure 1. Oligodendrocytes are the
last fate to arise and are typically generated during post-embryonic stages. Interestingly, isolated
neural stem cells from the embryonic cerebral cortex follow the same order of differentiation
in vitro, initially giving rise to neurons and then astrocytes (Qian et al., 2000). The mechanism
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FIGURE 1 | Embryonic neuroepitethial (NE) cells of the neural tube give rise to radial glial cells, which through an intrinsic clock differentiate first into
neurons and then into astrocytes. The neurogenesis “window” extends approximately from E11 to E18. nIPC, neurogenic intermediate progenitor cell; oIPC,
oligodendrogenic intermediate progenitor cell. Note that no oligodendrocytes are generated before birth. The figure represents embryonic neurogenesis in the mouse.
Adapted from Kriegstein and Alvarez-Buylla (2009).
by which this intrinsic clock is established, which is common
among most developing neural tissues, has been a long lasting
question in developmental neurobiology.
Neurogenesis persists in adulthood with notable species
variation, but is typically limited to specific neurogenic regions
that can be associated with functional plasticity and regeneration
(Lindsey and Tropepe, 2006; Ming and Song, 2011; Kaslin
et al., 2013). Although adult neural stem cells share most
characteristics with their embryonic counterparts, such asmarker
expression and multipotentiality in vitro (Reynolds and Weiss,
1992; Weiss et al., 1996), they are typically restricted under
physiological conditions producing primarily neurons in vivo
(Alvarez-Buylla and Nottebohm, 1988; Grandel et al., 2006;
Lledo et al., 2008). Thus, while the process of neurogenesis
is fundamentally conserved among brain regions, ontogeny
and putatively throughout vertebrate evolution, neurogenesis
is nonetheless shaped by significant adaptations to distinct
physiological states and life histories (Tropepe, 2008).
Factors that influence the extent of neurogenesis include
proliferation and survival of neural stem and progenitor cells
(NSPCs), their efficiency of differentiation into neurons and glial
cells, and the survival and function of the differentiated progeny.
The term NSPCs is used when neural stem cell identity cannot be
readily distinguished from that of a more committed progenitor
cell identity.
Histone Post-Translational Modifications
The nucleosome, a fundamental unit of chromatin, consists
of 146–147 bp of DNA that is wrapped around 1 histone
octamer, which includes 2 molecules of each of the core histones
H2A, H2B, H3, and H4 (Kouzarides, 2007). In the last two
decades it has become increasingly evident that nucleosomes
have a broader role than just facilitating the packaging of DNA
into the tiny space that is a cell nucleus. Histones participate
in the regulation of gene expression and are the target of a
plethora of transcription factors or associated proteins. The
histone N-termini that protrude from the tightly packed octamer,
are somewhat less structured (Kouzarides, 2007; Bannister and
Kouzarides, 2011). They are free to interact with DNA, and are
also exposed to modification enzymes. These enzymes modify
histone N-termini by, for instance acetylation, methylation,
phosphorylation, SUMOylation, ubiquitination, citrullination, or
ribosylation (Tan et al., 2011). Each of these modifications has
an effect on gene expression through 2 potential mechanisms.
The first one is based on electrostatic interactions (Zentner
and Henikoff, 2013). Specifically, DNA is negatively charged
and histone N-termini are positively charged. Depending on
the modification, the positive charge of the N-terminus may
be concealed or exposed. For example, acetylation of a lysine
residue will mask its positive charge and prevent strong attraction
to the DNA. This will lead to a more relaxed chromatin state,
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and when this occurs in a promoter, transcription factors have
more room to bind DNA and exert their functions. The converse
would happen in the case of histone deacetylation at a lysine
residue. The second major mechanism of action of chromatin
modifications is through creating binding sites for transcription
factors and adaptor proteins that recognize specifically modified
histone residues (Bannister and Kouzarides, 2011; Zentner and
Henikoff, 2013).
While histone PTM is a major contributor to epigenetic
regulation of gene expression, it is important to keep in mind
that it represents only one aspect of an ever-expanding network
of epigenetic regulators (Yao and Jin, 2014). Epigenetics can be
loosely defined as changes in gene expression, or the phenotype,
that are not induced by changes in the DNA sequence (Bird,
2007). In addition to histone PTMs, a long list of regulatory
mechanisms of gene expression fit under this term including
DNA methylation, microRNAs, long non-coding RNAs and
methyl-DNA binding proteins. In reality, the various epigenetic
mechanisms co-operate and form complexes or groups of
enzymes in which there is a cascade of signals linking an
extracellular trigger to a gene expression event (Jobe et al., 2012).
HISTONE PTMS IN NEUROGENESIS
Histone Acetylation
Histone acetylation was the first histone PTM to be discovered
as well as associated with gene expression (Phillips, 1963; Allfrey
et al., 1964). Histones are acetylated at lysine residues by histone
acetyl-transferases (HATs) and are deacetylated by histone
deacetylases (HDACs) (Bannister and Kouzarides, 2011). The
involvement of histone acetylation in neurogenesis is widespread
and ranges from embryonic neurogenesis, to adult neuronal
survival and differentiation. Below we describe, using selected
examples, how histone acetylation could influence the process of
neurogenesis.
CREB/CBP and Their Roles in Neurodevelopment
and Neurodegeneration
One of the initial culprits to be identified was c-AMP responsive
element binding protein (CREB) (Montminy and Bilezikjian,
1987; Lonze and Ginty, 2002; Dworkin and Mantamadiotis,
2010). CREB is a generic transcriptional activator that is involved
in a plethora of developmental processes as well as cancer,
and it functions by recruiting CREB-binding protein (CBP or
CREBBP), which possesses HAT activity (Chrivia et al., 1993).
CREB function has been implicated in neuronal plasticity,
hippocampal learning and memory (Bailey et al., 1996), partially
by regulating the secretion of the growth factor BDNF (Tao
et al., 1998). Various reports have also shown that CREB is
involved in both embryonic and adult neurogenesis (Young et al.,
1999; Zhu et al., 2004). CREB knockout mice (Dworkin et al.,
2009) analyzed at E14.5 display severe deformities in both their
embryonic brain and retina, sometimes completely lacking an
olfactory bulb. Additionally, embryonic NSPCs from CREB−/−
mice show decreased survival in vitro, but normal differentiation
(Dworkin et al., 2009). Investigating the mechanism, the authors
identified that the transcripts for the anti-apoptotic protein
bcl-2 and the growth factors BDNF, NGF and PACAP were
decreased in CREB −/− NSPC cultures. Interestingly, analyzing
CREB−/− mice at E18.5, Rudolph et al. (1998) reported only
subtle morphological alterations of the brain structure. This
indicates that CREB loss of function could delay the neurogenesis
“window” so that obvious deformities exist at early stages but
might be compensated for at later stages in development. An
alternative explanation for these seemingly conflicting results
could be based on the cAMP response element regulatory protein
(CREM). CREM belongs to the CREB family of transcription
factors and is known to compensate for the lack of CREB
(Hummler et al., 1994; Mantamadiotis et al., 2002). In the report
by Rudolph et al., there was a strong upregulation of CREM
upon CREB knockout at E18.5, which was not observed by
Dworkin et al. at E14.5. This, along with observations in very
early CREB−/− embryos (Bleckmann et al., 2002) may suggest
that the complementation of CREB function by CREMmay only
occur at time points later than E14.5. In order to overcome
this functional redundancy issue, Mantamadiotis et al. (2002)
generated conditional CREB knockout mice on a CREM−/−
background. When the deletion was driven by Nestin-Cre,
therefore occurring in NSPCs, there was a decrease in brain size
with differences becoming obvious from E16.5 onwards, which
coincided with the onset of strong CREB deletion. The cortex
and the hippocampus were the most strongly affected areas, and
mice died perinatally. The phenotype was attributed to increased
apoptosis in the affected areas. Interestingly, when CREB deletion
was driven by the promoter of calcium/calmodulin-dependent
protein kinase II-α (CamkIIα) gene to drive expression in
mature neurons postnatally, a progressive neuronal degeneration
over the course of 6 months was observed. The areas mostly
affected were the hippocampus and the striatum and the animals
exhibited a behavioral phenotype reminiscent of models of
neurodegenerative disease (Lalonde, 1987; Mangiarini et al.,
1996; van den Akker et al., 1999; Dragatsis et al., 2000; Yamada
et al., 2001). Therefore, these studies demonstrated that histone
acetylation triggered by CREB is necessary for neurogenesis both
at the NSPC and the mature neuron level.
Notably, histone acetylation has also been implicated in
neurodevelopmental disorders. Rubinstein-Taybi syndrome is
characterized by cognitive dysfunction, and caused by a
haploinsufficiency in the cbp (encoding for CBP) gene (Roelfsema
and Peters, 2007). Cbp+/− mice show cognitive impairment in
adulthood, which gave rise to the hypothesis that the effect is due
to defective neural circuits (Josselyn, 2005). Wang et al. (2010)
demonstrated that cbp+/− mice also show deficits in embryonic
neurogenesis and gliogenesis. Cbp+/− pups displayed an altered
frequency, duration and number of ultra-sonic vocalizations
(USV) after separation from their mothers. USV changes are
believed to reflect cognitive and social behavior impairments
(Branchi et al., 2001). Embryonic neural precursors differentiated
into all three lineages (neurons, astrocytes, oligodendrocytes)
with less efficiency both in vitro and in vivo, when CBP was
knocked down. The HAT activity of CBP was necessary for
that effect, since an HDAC inhibitor could rescue the effects
of the CBP knockdown. CBP was shown to directly bind and
acetylate the H3K9/14 at promoters of genes involved in neural
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(βIII-tubulin), astrocytic (GFAP, S100β) and oligodendrocytic
(MBP, PLP2) development, thus up-regulating their expression.
Moreover, the accessibility of HDACs andCBP to gene promoters
involved in NSPC specification in the zebrafish hindbrain is
regulated by the interaction of Meis and Pbx transcription factors
(Choe et al., 2009). This indicates that transcription factors
can act as gatekeepers, or conversely molecular beacons, for
HDAC/HAT recruitment in a region specific manner. Lastly, the
phosphorylation of CBP by atypical protein kinase C ζ (aPKCζ)
was shown to be necessary for promoting the differentiation
of neural precursors, and has been linked to spatial memory
formation (Wang et al., 2010, 2012). The latter provides a
functional link between CBP function and extracellular signals
that are known to be involved in neurogenesis, such as
fibroblast growth factors (FGFs) and neurotrophins (Kengaku
and Okamoto, 1993; Bartkowska et al., 2007), and may pave the
way to new approaches for treatment of various neurological
disorders.
Histone Acetylation and Neuronal Differentiation: The
Case of Orexin Neurons
Histone acetylation appears to also be involved in the
differentiation of specific neuronal subtypes. Hayakawa et al.
(2013) showed that the differentiation of orexin neurons from
mouse embryonic stem (ES) cells depends on DNA methylation
and histone acetylation. Orexin neurons are localized in the
hypothalamus and are involved in the sleep/wake cycles as well
as feeding behavior. Orexin neuron differentiation requires the
expression of hypocretin (orexin) neuropeptide precursor (Hcrt),
which contains two proximal regulatory regions that are CpG
island-rich. The authors demonstrated that mES cells, as well as
neurons derived from mES cells under standard differentiation
conditions had high DNA methylation at these regions, as well
as low histone acetylation at various lysine residues, which
translates to low gene expression. On the contrary, treatment
with N-acetyl-D-mannosamine (ManNAc) induced an increase
in histone acetylation at all of the assessed sites. The authors
proceeded to pinpoint that Sirt1, a class III HDAC, inhibited
orexin neuron differentiation. They finally demonstrated that
meningioma-expressed antigen 5 (Mgea5) was necessary for the
effect of ManNAc into orexin neuron differentiation. Mgea5 has
a dual enzymatic activity: it is a HAT and also serves as an O-
GlcNAcase, which removes O-linked N-acetyl glycosamine (O-
GlcNAc) residues from proteins including histones. Interestingly,
both enzymatic activities were required for orexin neuron
differentiation. This observation led to a model (Figure 2),
whereby in non-orexin neurons, the Hcrt regulatory regions have
deacetylated histones and are O-GlcNAc rich. In orexin neurons,
Mgea5 expression leads to removal of the O-GlcNAc residues
and acetylation of core histones, which induces the expression
of Hcrt. The substrate of the O-GlcNAcylation remains to be
defined, even though core histones are a probable candidate
(Sakabe et al., 2010; Fujiki et al., 2011; Fong et al., 2012).
Region and Cell-Type Specific Differences in
Neurogenesis
The histone code of neurogenesis is not universal. Different areas
of the central nervous system can be differentially affected by the
FIGURE 2 | Epigenetic regulation of orexin neuron differentiation. In embryonic stem cells as well as non-orexin neurons, SIRT1 deacetylates the histones at
the regulatory region of the HCRT gene, leading to repression of its expression. These histones also contain O-GlcNAc residues. Treatment with ManNAc activates
Mgea5, which acetylates the histones of the HCRT regulatory region, and leads to removal of the GlcNAc residues. This activates the expression of the HCRT gene,
and the cells turn into orexin neurons.
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same histone modification. Shakèd et al. (2008) demonstrated
that HDACs of classes I and II are necessary for neurogenesis
in the embryonic ganglionic eminence, but inhibit neurogenesis
in the embryonic cortex. The results held true both in vitro
and in vivo. The authors used Trichostatin A (TSA), a chemical
inhibitor of class I and II HDACs (Yoshida et al., 1990). The
mechanism of the observed effect was shown to involve the
BMP2/4 pathway, which induces neurogenesis in the cortex but
promotes astrogliogenesis in other areas of the brain (Gross
et al., 1996; Li et al., 1998; Lim et al., 2000). In studies assessing
the effects of HDAC inhibition on mature neuronal survival,
Forgione et al. (Forgione and Tropepe, 2011, 2012) found that
treatment of cells isolated from the embryonic mouse ventral
midbrain with the HDAC inhibitors TSA, valproic acid (VPA)
or sodium butyrate (SB) induced cell death in neurons but not
astrocytes and the cell death was largely caspase-independent.
Intriguingly, the same treatment did not result in neuronal cell
death in cultures from the embryonic cortex. These studies
underline the complexity of the epigenetic regulatory network of
neurogenesis and indicate that a one-size-fits-all model might not
be entirely correct. We will describe and discuss some of these
aspects in the following sections.
Lessons Learned from HDAC Inhibitor Experiments
Chemical inhibitors of global HDAC function such as TSA,
VPA and SB have been used to investigate the role of histone
acetylation in neurogenesis and yielded somewhat conflicting
results.
Hsieh et al. assessed the levels of acetylated histones H3
and H4 during adult rat hippocampal NSPC differentiation
into neurons, astrocytes and oligodendrocytes and found
that neuronal differentiation was associated with a greater
maintenance of acetyl-H3 and acetyl-H4 than differentiation into
the other 2 lineages (Hsieh et al., 2004). They proceeded to show
that treatment with VPA increased neuronal differentiation of
these NSPCs at the expense of glial differentiation, and confirmed
the results using the HDAC inhibitors TSA and SB. The effect
was attributed to induction of NeuroD1, a known transcription
factor involved in neurogenesis (Miyata et al., 1999), by the VPA
treatment. Intriguingly, VPA treatment led to 3 times as much
cell death as in control cultures, which implies that selective
survival of neuronal progenitor cells could also be involved.
VPA treatment in vivo also decreased BrdU incorporation and
increased neuronal differentiation in the hippocampus of adult
rats, which supports the in vitro observations. Corroborating the
study of Hsieh et al. (Yu et al., 2009) also observed decreased
BrdU incorporation in hippocampal neural stem cells after VPA
treatment, and increased differentiation both in vitro and in vivo.
On the contrary, Hao et al. (2004) showed that VPA treatment
of adult mice led to an increase in BrdU incorporation in
the hippocampus. Furthermore, Kim et al. (2009) found that
administration of the HDAC inhibitors SB or TSA after ischemic
hypoxia increased the BrdU incorporation and the Ki67 staining
in the forebrain neurogenic zones of adult rats. In addition,
PSA-NCAM staining was augmented with the treatments, which
indicates that HDAC inhibition resulted in an increase in the
presence of neuronal progenitors and/or immature neurons.
An increase in the number of BrdU+ cells typically indicates
increased proliferation of the NSPCs. However, the state of
the cell cycle of NSPCs is an important consideration when
interpreting BrdU incorporation data. For example, an in vitro
study by Zhou et al. (2011) demonstrated that neural stem
cells from the forebrain subependymal zone of adult mice
exhibited a G1-to-S cell cycle arrest upon treatment with SB
or suberoylanilide hydroxamic acid (SAHA), another HDAC
inhibitor. If cells treated with HDAC inhibitors are gradually
prolonging their cell cycle toward eventual cell cycle exit, then
there could be a period of increased numbers of BrdU+ cells
before they undergo differentiation or cell death. The study by
Zhou et al. (2011) showed that neuronal specification genes
such as NeuroD1, Neurogenin 1 and cell cycle inhibitors such
as p21 and p27 were up-regulated with the treatments while
progenitor associated genes, such as Sox2 and the Notch effectors
Hes1 and Hes5 were down-regulated, suggesting that these cells
prematurely differentiated into neurons.
In general, these studies suggest that chemically inhibiting
HDACs may alter the behavior of NSPCs in the adult brain.
In some cases this could lead to a prolonging of the cell cycle
prior to exit or it could lead to premature cell cycle exit and
this could depend on the type NSPC or other factors. Ultimately,
HDAC inhibition seems to facilitate neuronal differentiation
from progenitor cells, but also cause cell death if the inhibition
is prolonged after neurons have differentiated. One caveat is the
potential for off-target effects and toxicity when using chemical
inhibitors (Marks et al., 2003; Wang et al., 2009; Forgione
and Tropepe, 2011; Sun et al., 2011). Additionally, HDACs
are enzymes of broad specificity that often target and remove
acetyl-groups from transcription factors and other non-histone
proteins. Therefore, the observed phenotype could be a result of
these non-histone effects, which makes the data interpretation
difficult.
Another explanation may be cell-specific expression of
HDACs. Spatial and temporal variations in levels of expression of
individual HDACs in different cell types and/or different stages
of development should affect the genome wide occupancy of
the HDACs. A pan-inhibition of several types of HDACs could
therefore have different and even opposite effects in progenitors
from different regions and at different stages of maturation. It is
therefore important to elucidate roles for specific HDACs in vivo
and in vitro.
Lessons Learned from Experiments Using
Knockdowns of Specific HDACs
Genetic knockout studies have enabled us to further decipher the
role of specific HDACs, as well as interactions between different
HDACs, in regulating neurogenesis. Conditional knockouts of
HDAC1 and HDAC2 driven by GFAP-cre, which is expressed
in neural stem cells and astrocytes, revealed that their functions
are redundant (Montgomery et al., 2009). When either HDAC1
or HDAC2 were missing, no obvious phenotype was observed.
The double knockout mice, in contrast, showed severe structural
abnormalities in the cortex, hippocampus and cerebellum and
died within the first postnatal week. When E14.5 cortical NSPCs
were cultured in vitro, the double knockout cells exhibited
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an almost complete blockade of neuronal differentiation, while
the astrocytic differentiation was unaffected. The phenotype
was attributed to increased apoptosis of neuronal progenitors
both in vitro and in vivo, but could also be explained by a
lack of maintenance of the differentiated neuronal state in the
absence of HDAC1/2 function consistent with the effects of
HDAC inhibitors on relatively mature neurons in vitro (Forgione
and Tropepe, 2011). Therefore, this report unequivocally
demonstrated that HDAC1 and HDAC2 are necessary for
proper embryonic neurogenesis, and is in agreement with
results obtained using dominant negative HDAC1 or HDAC2
(Humphrey et al., 2008). In addition, specific roles for HDAC2
in oligodendrocyte differentiation and HDAC3 in neuronal
differentiation linked to acetylation of lysine 14 visavi 9 on
histone H3 (H3K14, H3K9) were suggested based on RNA
knockdown studies in rat embryonic cortical progenitors in vitro
(Castelo-Branco et al., 2014). An important lesson from all
of these studies is that global inhibition of HDACs can mask
the contributions of individual HDACs to neurogenesis leading
to conflicting observations especially when comparing different
experimental contexts. Nonetheless, it is equally apparent that
the regulation of histone deacetylation occurs at multiple levels
and includes the specific subtype of HDAC, the specific cell
type involved, as well as the region of the brain in which
the deacetylation is occurring. The intersections between these
complex levels of regulation no doubt enable the fine-tuning of
neurogenesis, yet the details of these processes remain obscure.
Histone Methylation
In addition to histone acetylation, another PTM that was
discovered in the 1960’s is histone methylation (Allfrey et al.,
1964). Histone methylation used to be considered an irreversible
mark, in stark opposition to the dynamic nature of histone
acetylation, but the discovery of histone demethylases has
altered that view (Shi et al., 2004; Cloos et al., 2008;
Bannister and Kouzarides, 2011). Histone methylation can
occur at lysine or arginine residues. Lysine methylation is
catalyzed by histone methyl-transferases (HMT), and lysines
can be mono-, di- or tri-methylated. The number of methyl-
groups added can alter the resulting phenotype. Arginine
methylation is catalyzed by protein arginine methyl-transferases
(PRMT), and can lead to mono-methylated, symmetrically di-
methylated, or asymmetrically di-methylated arginines. Unlike
histone acetylation, the effects that methylation has on gene
expression depend on the specific residue that gets modified.
For example, trimethylation of the lysine 4 residue of histone 3
(H3K4) is considered a mark of transcriptional activation, while
trimethylation of H3K27 is a mark of transcriptional repression
(Schuettengruber et al., 2007). There is substantial evidence for
the involvement of histone methylation in neurogenesis.
The Action of Methyltransferases on Embryonic
Neurogenesis
As mentioned in the introduction, during brain development
neural stem cells initially give rise to neurons, and at about
E18 in the mouse there occurs a switch in differentiation
competence toward astrogliogenesis. Probing the mechanism of
this intrinsic switch, Tan et al. (2012) demonstrated that ESET,
an H3K9 methyltransferase previously known to be required for
the maintenance of the pluripotent state in ES cells (Bilodeau
et al., 2009; Yeap et al., 2009; Yuan et al., 2009), is pivotal
for the regulation of the fate competence of NSPCs during
development. Conditional knockout of ESET in the embryonic
forebrain unveiled an intriguing finding: ESET seemed to be
required for the generation of the deep cortical cell lineages
that arise first, but the effects on later superficial cortical
cell lineages was less pronounced. Additionally, the knockout
of ESET led to precocious astrogliogenesis, demonstrated by
markedly increased GFAP staining both in vivo and in NSPCs
in vitro (Tan et al., 2012). The converse experiment of over-
expressing ESET by in utero electroporation showed reduced
astrocytic differentiation. In assessing the mechanism of action of
ESET, the authors demonstrated by ChIP that it directly binds the
promoters of GFAP and Sox9, associated with astrogliogenesis,
repressing their expression by H3K9 tri-methylation. In the
absence of ESET, these genes exhibit less of the H3K9me3
mark, and are over-expressed. On the contrary, many genes
associated with neurogenesis were down regulated in the ESET
knockout brains, hinting toward an indirect regulation by ESET.
Therefore, the methyltransferase ESET is involved in the cell
fate regulation of the embryonic NSPCs, by actively suppressing
astrogliogenesis.
The H3K9 methyltransferase G9a and the related molecule
GLP, appear to function as a constitutive heteromeric complex
to promote H3K9 dimethylation in euchromatic regions leading
to transcriptional repression (Shinkai and Tachibana, 2011).
During the development of the mammalian retina, G9a has been
shown to repress progenitor gene expression, which facilitates
the terminal differentiation of these cells (Katoh et al., 2012).
Indeed, postnatal conditional loss of function of the G9a/GLP
complex causes the de-repression of neural progenitor cell genes,
as well as non-neural genes, in mature neurons resulting in severe
behavioral defects in these animals (Schaefer et al., 2009). It
remains to be determined how the G9a/GLP complex is recruited
to specific loci to promote transcriptional repression, but such
a mechanism would likely be active during the transition from
a proliferating progenitor cell to a post-mitotic differentiated
neuron or glial cell, and may even persist to ensure the
maintenance of repression marks on these progenitor genes in
mature cells.
Polycomb Family Members
Additional evidence for the importance of histone methylation
on the onset of neurogenesis arises from seminal work
on Bmi-1, associated with the Polycomb family of H3K27
methyltransferases (Schuettengruber et al., 2007). Bmi-1−/−
mice exhibit a variety of neurological defects starting from an
early age (van der Lugt et al., 1994). Molofsky et al. (2003)
showed that Bmi-1−/− mice demonstrate decreased self-renewal
and proliferation in both embryonic and postnatal forebrain
NSCs. Bmi-1 enhanced NSC self-renewal and proliferation
partly by blocking p16Ink4a and p19Arf , 2 inhibitors of cyclin-
dependent kinases (Jacobs et al., 1999; Molofsky et al., 2003).
Interestingly, Bmi-1 was required for the proliferation of
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NSCs, but not for that of committed neurogenic or gliogenic
progenitors, revealing a regulatory role upstream in the hierarchy
of neurogenesis.
In a different report Fasano et al. (2007) utilized a lentivirus-
delivered shRNA approach to knockdown the expression of Bmi-
1 in embryonic, perinatal or adult NSCs and their results were
slightly different. Even though they did observe a decrease in
NSC proliferation and self-renewal, the effects of the Bmi-1
knockdown were more pronounced as the age of the mice was
increasing. Therefore, adult NSCs seemed to be more dependent
on Bmi-1 than embryonic NSCs. The authors attributed their
effects to p21 up-regulation upon Bmi-1 knockdown, and when
p21 was also knocked down the phenotype was rescued. Unlike
Molofsky et al., Fasano et al., did not observe a p16Ink4a or
p19Arf up-regulation after Bmi-1 knockdown, and simultaneous
knockdown of Bmi-1, p16Ink4a and p19Arf failed to rescue the
Bmi-1 phenotype.
The differences between the 2 studies can be attributed to the
fact that the knockout mice used by Molofsky et al. might have
had compensatorymechanisms in place since they had to develop
without Bmi-1, while the shRNA approach provides a more acute
decrease in Bmi-1. It is also plausible that the decreased levels of
Bmi-1 produced by an shRNA knockdown cannot recapitulate
the true null phenotype of a Bmi−/− mouse, and the presence of
a remaining minimal amount of protein is sufficient to alter the
observed effects. Additionally, the different mouse backgrounds
used in the 2 studies could have also contributed to the observed
differences.
In a recent report by Gargiulo et al. (2013), Bmi-1 was found
by ChIP/RNA-seq to target p16Ink4a, p19Arf, and p21, along
with an array of additional cdk inhibitors. Gargiulo et al. also
found that Bmi-1 down-regulates multiple members of the BMP
and TGF-β pathways, which are long established to be involved
in inducing differentiation of NSCs into neurons or astrocytes
(Bond et al., 2012; Rodriguez-Martínez and Velasco, 2012).
Therefore, it appears that Bmi-1 enhances the NSC proliferation
and renewal by 2 mechanisms: (i) it suppresses cdk inhibitors,
thus allowing the NSCs to continue cycling and (ii) it suppresses
neurogenic pathways, thus delaying the onset of differentiation.
A schematic demonstration of this model is shown in Figure 3.
The converse experiment, namely, over-expression of Bmi-
1, resulted in an increase in the self-renewal and proliferation
of both embryonic and adult NSCs (Fasano et al., 2009). In
addition, the authors showed that FoxG1, a forebrain-specific
transcription factor (Shen et al., 2006) was necessary for the
Bmi-1—induced increase in NSC self-renewal. This raises the
possibility that FoxG1 is a downstream effector of Bmi-1,
even though over-expression of FoxG1 was less effective at
promoting an increase in NSC self-renewal compared to Bmi-
1 over-expression. Therefore, either Bmi-1 utilizes additional
downstream effectors, or Bmi-1 and FoxG1 operate in different
pathways. Intriguingly, NSC self-renewal was unchanged when
Bmi-1 was over-expressed in embryonic spinal cord NSCs,
which constitutes additional evidence for the notion that the
epigenetic regulation of neurogenesis utilizes divergent pathways
in a region-specific manner.
Trithorax Family Members
In addition to the Polycomb family of transcriptional repressors,
there exists the Trithorax family of transcriptional activators
that operate by methylating H3K4 residues (Schuettengruber
et al., 2007). The Trithorax family member Mll1 (Mixed
lineage leukemia 1), an H3K4 methyltransferase, was reported
to be involved in postnatal neurogenesis in a very interesting
manner (Lim et al., 2009). Mll1 seemed to be necessary for
the induction of Dlx2, an indispensable transcription factor for
FIGURE 3 | The role of the Polycomb protein Bmi-1 in neural stem cell self-renewal. The Polycomb complex trimethylates the regulatory regions of the cdk
inhibitors p16Ink4a, p19Arf, and p21 at the lysine 27 residue of H3. This represses their expression, which allows cell cycle to proceed. In the absence of Bmi-1, the
cdk inhibitors are expressed and block the cell cycle. This decreases the self-renewal capability of the neural stem cells.
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olfactory bulb neuron specification and migration (Long et al.,
2007). NSPCs isolated from the forebrain of postnatal mice in
which Mll1 had been conditionally knocked out survived and
proliferated normally, but gave rise to significantly less neurons
than controls. Gliogenesis was not affected. Similar phenotypes
were observed in vivo. Therefore, Mll1 is required specifically
for neuronal differentiation of forebrain NSPCs, unlike other
epigenetic regulators that we reviewed above that are required for
differentiation into all 3 lineages. Surprisingly, Mll1 did not act by
catalyzing an H3K4 methylation event, but rather by recruiting
an undefined H3K27 demethylase at the Dlx2 promoter. Since
H3K27 methylation is inhibitory for gene expression, such
H3K27 demethylase would activate transcription. Therefore, just
as has been observed in other systems (Schuettengruber et al.,
2007), it appears that members of the conserved Polycomb
and Trithorax families of methyl-transferases co-operate to
regulate neurogenesis. The Polycomb member Bmi-1 ensures
that the NSCs remain in cycle for as long as needed to generate
enough progeny and then passes the baton to the Trithorax
member Mll1 which overviews neuronal differentiation. How
this strict temporal pattern of activity of these epigenetic factors
is controlled remains to be elucidated.
Histone Demethylases
An independent report by Jepsen et al. (2007) showed
that JMJD3/KDM6B, a putative histone demethylase, steers
interneuron differentiation in NSPCs from the mouse embryonic
cortex. JMJD3/KDM6B contains a Jumonji C domain, which
is responsible for its histone demethylase activity (Klose et al.,
2006). A mutant JMJD3/KDM6B lacking this domain was
unable to induce interneuron differentiation. Through an
in vitro demethylation assay, it was shown that JMJD3/KDM6B
specifically demethylates H3K27me3, therefore causing a de-
repression of the target genes, many of which appear to be
neuronal. Treatment of NSCs with retinoic acid, a known
inducer of neuronal differentiation (Ribes et al., 2006), induced
binding of JMJD3/KDM6B to the Dlx5 promoter and reduction
in the H3K27me3 levels as evidenced by ChIP. Dlx5 is
expressed in differentiated interneurons (Anderson et al., 1997).
JMJD3/KDM6B is normally suppressed by Nuclear Co-repressor
2 (NcoR2 or SMRT), a protein involved in a multitude of
developmental processes (Mottis et al., 2013). Knocking out
SMRT resulted in significant alterations in the forebrain of
mouse embryos as well as decreased proliferation and increased
differentiation of embryonic cortex NSPCs into neurons and
astrocytes. RA signaling was necessary for the increased neuronal
differentiation of the SMRT−/− cells and JMJD3/KDM6B was
significantly up regulated upon the knockout. More recently,
it has been demonstrated that JMJD3/KDM6B is actually
required for proper neurogenesis (Park et al., 2014). Whether
JMJD3/KDM6B is the same H3K27 demethylase that is recruited
by Mll1 in the study of Lim et al. is unknown and will require
further studies, but it has been shown in other cellular contexts
that JMJD3/KDM6B and Mll1 indeed interact (Shi et al., 2014).
In addition to JMJD3/KDM6B, recent evidence indicates that
histone demethylases JMJD2A/KDM4A and JMJD2C/KDM4C
are important PTM enzymes that contribute to neurogenesis
(Cascante et al., 2014). Cascante et al. demonstrated that
these enzymes are required for demethylating BDNF regulatory
regions at H3K9 in response to the HDAC inhibitor VPA, thus
inducing its expression. At the same time, these enzymes are
required for demethylation of GFAP exonic regions at H3K36,
leading to a blockade of astrogliogenesis. How this differential
specificity for methylated lysine is achieved remains to be
identified and may involve different cofactors for each promoter.
The authors showed that knockdown of JMJD2A/KDM4A
and JMJD2C/KDM4C by siRNA in embryonic cortical NSPCs
led to precocious astrogliogenesis and decreased neurogenesis
associated with increased cell death. These data support previous
results from analyses of a different histone demethylase, namely,
JHDM1D. Huang et al. (2010) demonstrated that JHDM1D is
necessary for neural specification of ES cells, by demethylating
regulatory regions of FGF4. Similar to JMJD2A/C, this enzyme
appears to be bi-specific: it removes methyl residues from both
H3K9 and H3K27.
In conclusion, it appears that the neuronal specification of
an NSPC in addition to methyl transferase activities requires
the presence of multiple histone demethylases that de-repress
neuronal commitment genes that were silent in the progenitors,
while at the same time suppressing alternative fates.
Histone Arginine Methylation
Apart from histone methylation on lysine residues, histone
methylation on arginine residues has also been implicated
in the regulation of neurogenesis. In general, symmetric
dimethylation (symbolized as me2s) of an arginine residue
is associated with transcriptional repression of the respective
gene, while asymmetric dimethylation (me2a) is associated
with transcriptional activation (Xu et al., 2010; Di Lorenzo
and Bedford, 2011; Chittka et al., 2012). Chittka et al. (2012)
reported that the transcription factor Schwann cell factor 1
(SC1, also known as PRDM4) controls the onset of neurogenesis
from embryonic NSPCs by recruiting the histone arginine
methyltransferase PRMT5. In embryonic NSPCs cultured
in vitro, SC1 was only expressed in non-terminally differentiated
mitotically active progenitors, but not in TuJ1+ or GFAP+ cells.
The levels of SC1 staining decreased over time in culture, along
with the increase in differentiation. Silencing of SC1 by siRNA
induced precocious neuronal differentiation, and decreased
BrdU incorporation, while over-expression of SC1 increased
the proportion of Nestin positive cells in the embryonic NSPC
cultures. Through a series of immunoprecipitation experiments,
the authors showed that SC1 interacts with the methyltransferase
PRMT5 through its N-terminal domain. The presence of the N-
terminus of SC1 was necessary to achieve the increase in Nestin+
cells after over-expression in neural stem cell cultures, indicating
that PRMT5 may be necessary for the effect. Additionally,
both embryonic NSCs and sections of E10.5 cortex, showed
high levels of expression of both PRMT5 and SC1 and very
frequent H4R3me2s modifications. The latter is the symmetrical
di-methylation catalyzed by PRMT5. The authors also showed
that over-expression of SC1 containing the N-terminus, led to a
down regulation in the expression of the promitotic genes Bub1b
and cyclinB. Conversely, siRNA knockdown of SC1 led to an
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up-regulation of Bub1b and cyclinB. High levels of promitotic
genes have been shown to be required for proper asymmetric
division (Tio et al., 2001), raising the possibility that SC1 delays
the onset of neurogenesis by impeding asymmetric division of
neural stem cells which would give rise to committed progenitors.
Nevertheless, more research is needed to directly demonstrate
that PRMT5 is necessary for these effects. Interestingly,
differentiated neurons correlated with H4R3me2a marks, while
undifferentiated precursors correlated with H4R3me2s marks
(Chittka, 2010). Therefore, the methylation status of H4R3
appears to function as a binary switch that changes its position
along with neuronal differentiation. Whether the epigenetic
switch has a causative role in neuronal differentiation or it is a
consequence of that differentiation remains to be elucidated.
Elucidating a Putative Histone Methylation Code of
Neurogenesis
Despite the plethora of convincing evidence demonstrating that
histone methylation is involved in neurogenesis, correlating
specific methylation marks with gene expression or repression
is still difficult. This complexity was demonstrated in a report
by Popova et al. (2012). The authors monitored the presence
of H3K4me2 and H3K27me3 during pre- and postnatal retinal
development and attempted to correlate that with the expression
level of individual genes. No simple correlation was identified as
for some genes increases in expression correlated with increased
H3K4me2 and decreased H3K27me3, while for others they did
not. This demonstrates that the particular epigenetic marks
cannot be universally used as predictors of gene expression
or repression, and that the specific histone modifications that
regulate expression vary between genes. Interestingly, the genes
with similar correlations between expression and presence of
the 2 epigenetic marks could be grouped with gene ontology.
Additionally, the authors were able to identify a specific
epigenetic signature that could predict the identity of a gene as
photoreceptor-specific. Thus, specific gene families may share
common epigenetic mechanisms of expression regulation, and
the identification of these mechanisms could generate novel,
sensitive genetic tools for screening of genes associated with the
development of specific systems.
Combining Histone Acetylation and Methylation: The
Example of CtBPs
We have reviewed histone acetylation and histone methylation as
distinct processes; however, there are examples of proteins that
combine these 2 activities. C-terminal binding proteins (CtBPs)
repress transcription by recruiting both HDAC and H3K9
methyltransferase activities to the promoters (Hildebrand and
Soriano, 2002; Shi et al., 2003). Dias et al. (2014) demonstrated
that CtBPs are indispensable for repressing neurogenesis in the
roof plate (RP), a BMP-secreting structure which is responsible
for dorsoventral patterning of neural cells within the neural
tube (Liem et al., 1995, 1997; Lee et al., 2000). The authors
demonstrated that there is an oxygen gradient within the
neural tube, with the RP receiving higher oxygen levels than
the neurogenic regions. This leads to higher concentrations of
NADH, the reduced form of NAD+, within the RP region.
NADH interacts with CtBPs (Kim et al., 2005), increasing
their transcriptional repressive function. This leads to CtBPs
repressing the expression of Math1, a proneural transcription
factor, specifically in the higher oxygen environment of the
RP, so as to prevent this region from generating neural tissue.
Interestingly, CtBPs also bound promoter elements of Hes1,
which inhibits neurogenesis, following an inverse correlation
with oxygen levels: CtBPs repressed Hes1 expression in the lower
oxygen environment of the neural tube. At higher oxygen levels,
CtBPs are released from the Hes1 promoter, which enables a
blockade of neurogenesis in the RP.
CtBPs have also been shown to be involved in neurogenesis by
inhibiting Notch signaling targets in the absence of Notch ligand
(Oswald et al., 2005). Data from Xenopus laevis and mammalian
cell lines have shown that the transcriptional repressor SHARP
is required for proper inactivation of Notch signaling (Garriga-
Canut et al., 2001; Oswald et al., 2002, 2005). It has been
proposed that SHARP blocks transcription by two independent
mechanisms, one of which is sensitive to HDAC inhibitors
(Garriga-Canut et al., 2001). It was eventually discovered
that SHARP interacts with CtBPs and that this interaction is
necessary for its ability to suppress Notch signaling and promote
differentiation (Oswald et al., 2005). Therefore, CtBP complexes
are multimodal histone modifiers that appear to be involved in
neurogenesis through diverse pathways.
SPECIFIC CONSIDERATIONS
Initiation of Chromatin Modifications in the
Context of Neurogenesis
What is it that triggers the initiation of chromatin modifications
associated with neurogenesis? It appears that known signals
that induce neurogenesis under certain contexts, such as FGFs
(Kengaku and Okamoto, 1993), neurotrophins (Bartkowska
et al., 2007), bone morphogenic proteins (BMPs) (Andersson
et al., 2011; Bond et al., 2012) and other members of the
transforming growth factor β (TGFβ) (Rodriguez-Martínez and
Velasco, 2012) family also trigger the initiation of histone PTMs.
In the example of CREB that was reviewed above, activation
is controlled by phosphorylation of serine-133. CREB can be
activated by a variety of cellular pathways, including the cAMP
pathway, the PI3 kinase pathway, the MAP kinase (MAPK)
pathway, or even in response to increased intracellular Ca2+
(Dworkin and Mantamadiotis, 2010). Therefore, an array of
signaling molecules involved in neurogenesis also leads to CREB
activation. Nerve growth factor (NGF), platelet-derived growth
factor (PDGF) and FGFs are just some examples of factors
that activate the PI3 kinase pathway (Kapeller and Cantley,
1994; Brader and Eccles, 2004). Similarly, MAPK signaling
is activated by FGFs (Thisse and Thisse, 2005) and insulin-
like growth factor 1 (IGF-1) (Bateman and McNeill, 2006)
among others. Thus, a functional link between secreted signals
involved in neurogenesis and CREB activation can be established.
Additionally, the fact that CREB can be activated in response to
elevated intracellular Ca2+ and cAMP provides a link between
mature neuronal activity and CREB recruitment to chromatin.
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Interestingly, CREB activation by Ca2+ (and not the other
pathways) leads to the phosphorylation of 2 additional serine
residues, which may alter its target specificity (Kornhauser et al.,
2002). In an alternate example, Estarás et al. (2012) showed that
Smad3 recruits JMJD3/KDM6B to neuronal promoters in NSCs.
This establishes a connection between JMJD3/KDM6B H3K27
demethylase activity and the TGFβ pathway.
It appears therefore, that known exogenous neurogenic
signals are sufficient to induce post-translational modifications
of transcription factors, which leads to recruitment of histone
modifying factors to the chromatin, and thereby changes in
chromatin charge and conformation associated with increased
gene expression of neurogenic factors. This functions as an
additional argument for the notion that chromatin modifications
are an essential component of the mechanisms regulating
neurogenesis.
Tissue Specific Effects of Global
Regulators
Most histone PTM regulators may function globally in the
genome. An obvious question that arises from that observation
is how a master regulator can perform a tissue specific function.
There are several ways that such neurogenesis-specific function
of factors with assumed general functions can be achieved. As
described in the example above, exogenous signals can influence
ubiquitously expressed transcription factors in specific ways
resulting in signaling-context-specific recruitment of histone
modifying factors to localized regions of the chromatin. In
addition, the signature of the pathway that activates a global
regulator can be “stamped” on it via specific modifications, which
can affect the selection of the downstream targets.
Exogenous signals may also affect the levels of histone
modifying factors in the cell. For example, JMJD3/KDM6B
expression is highly regulated by retinoic acid, and thus factors
with general function may not always be expressed evenly in
different cell types, including progenitors. In fact, many factors
with general function, including CBP, HDACs, HDMs etc., may
not always be ubiquitously expressed and tissue- and cell-specific
expression of variants of chromatin-modifying factors have been
reported (for example neuro-specific BAFs, Olave et al., 2002).
It is further necessary to consider the combination of factors
expressed in a certain cell, as factors with similar function
in different cell types may utilize cell-specific adaptors and/or
chaperones. Such strategies are utilized by, for example, the
arginine methyltransferase PRMT5 (reviewed above), that has
been involved in various systems in addition to neurogenesis,
such as primordial germ cells, embryonic stem cells and
erythrocyte progenitors (Ancelin et al., 2006; Saitou, 2009; Zhao
et al., 2009; Xu et al., 2010), always having the function of
maintaining cells in an undifferentiated state. In this case, the
global gene expression regulator gets recruited within specific
cell types by different adaptor proteins. For neural stem cells, the
adaptor protein seems to be the transcription factor SC1, while
for primordial germ cells the adaptor protein is known to be
Blimp1 (Ancelin et al., 2006), as shown in Figure 4.
While these examples appear straightforward, it is also
important to keep in mind that there is cross-talk among the
FIGURE 4 | Neural specific roles of universally expressed histone
modulators as exemplified by the arginine methyltransferase PRMT5.
In germ cells, PRMT5 forms a complex with the transcription factor Blimp1
and symmetrically dimethylates regulatory regions of somatic genes, which
inhibits their expression. This ensures maintenance of the germ cell fate. In
neural stem cells, PRMT5 forms a complex with the transcription factor SC1
and suppresses the expression of neuronal genes, which delays the onset of
differentiation and maintains the neural stem cell state.
histone modifications themselves. As the modifications alter
chromatin charge and conformation, they can facilitate or
hinder secondary and even tertiary histone modifications and
thereby directly influence the recruitment of factors to promote
neurogenesis.
Chromatin Modification Complexes
Encompassing “Write,” “Read,” and
“Erase” Functions, that have a Role in
Neurogenesis
Considering each histone modification enzyme in isolation
obscures the true picture of how these proteins are regulated.
Usually, chromatin regulation operates through complexes that
integrate the many aspects of epigenetics, in addition to histone
PTMs.
In the context of neurogenesis, one of the most well
established complexes is the one that converges on element-1
silencing transcription factor/neuron-restrictive silencing factor
(REST/NRSF) (Qureshi et al., 2010; Jobe et al., 2012). REST is
Frontiers in Neuroscience | www.frontiersin.org 10 December 2015 | Volume 9 | Article 483
Mitrousis et al. Histone PTM and Neurogenesis
a transcription factor that recognizes the repressor element 1
(RE1) and was long believed to only function as a transcriptional
repressor of neuronal genes in non-neural tissues. REST
knockouts are embryonic lethal with a range of neural and
non-neural malformations. REST can be induced by a variety
of signals and has in addition been suggested to induce
genes involved in neurogenesis and participate in neuronal
differentiation and maturation (Qureshi et al., 2010). Similar
to other zinc finger transcription factors, REST functions as
a central node that recruits a massive array of epigenetic
modifiers. An interesting key to the mechanisms underlying
the many functions of REST came with the discovery of
an interacting regulatory protein, Co-REST (Andrés et al.,
1999). Co-REST is associated with the CtBP complex (see
above) and is therefore a primary example of the plethora
of enzymes with various functions recruited to DNA and
thus chromatin by single transcription factors. These proteins
include “writers” such as histone methyltransferases, “erasers”
such as histone deacetylases, and “readers” such as methyl-
DNA binding proteins. Additionally, REST recruits non-coding
RNAs, components of the SWI/SNF remodeling complex and
various adaptor proteins with a wide range of activities (Yoo
and Crabtree, 2009). Therefore, REST forms signal- and cell-
context specific complexes that make use of many of the known
epigenetic mechanisms.
Additional examples of such multifunctional epigenetic
complexes are the ones formed by the H3K27 methyltransferases
of the Polycomb group. We reviewed the role of Bmi-1 in
neurogenesis above. Bmi-1 does not operate in isolation, but
rather as part of a multi-protein complex called PRC1 (Polycomb
Repressive group Complex 1). The complex exists in many
alternative forms that contain H3K27me3 binding proteins
(“readers”), histone ubiquitin ligases (“writers”), and additional
histone binding proteins as well as activity regulators and
proteins of unknown function (Luis et al., 2012; Aloia et al.,
2013). This enzyme complex can either operate in isolation,
or together with a different complex of the Polycomb family,
PRC2. PRC2 contains the H3K27 methyltransferase enhancer of
zeste 1 or 2 (EZH1 or EZH2, “writers”), along with H3K27me3
binding proteins, additional histone and DNA binding proteins
(“readers”) and enzymatic regulators (Margueron and Reinberg,
2011; O’Meara and Simon, 2012). PRC2 also has a pivotal role
in neurogenesis, as has been demonstrated by studies on EZH2
and other components of the complex (Pasini et al., 2007; Pereira
et al., 2010; Chou et al., 2011). In addition to the core components
of the complexes, their recruitment to chromatin is dependent
on DNA methylation and non-coding RNAs (Margueron and
Reinberg, 2011; Jobe et al., 2012; Aloia et al., 2013). These
complexes therefore constitute another example of integration of
multiple epigenetic mechanisms within one pathway.
It is becoming increasingly evident that the interactions
between different epigenetic modifications play key roles in
cellular differentiation, and that the variable composition of
many poly-enzymatic complexes is a way of conferring tissue
specificity. Additional research in this field will improve our
understanding of the epigenetic component of neurogenesis
and may reveal novel mechanisms of initiation of chromatin
remodeling. Furthermore, how these histone PTMs are sustained
for a certain developmental interval without being removed
prematurely remains elusive.
Histone Dynamics: An Unchartered
Territory for Understanding Chromatin
Regulation of Neurogenesis
Even though a great deal of research has focused on the
effects of histone PTMs, an interesting direction would be
looking into the impact of histone abundance and turnover on
neurogenesis. Histones are relatively stable proteins, and their
half-life in non-dividing brain cells was found to average 159
days (Commerford et al., 1982). The amount of histones within
a cell is tightly regulated, since a histone insufficiency would
impede the efficient packaging of DNA and lead to cell death,
while an excess of histones can cause chromatin aggregation
due to their highly positive charge (Steger and Workman, 1999;
Nelson et al., 2002; Ye et al., 2003; Gunjan et al., 2006). The
dynamics of histone synthesis differ between diving and non-
diving cells, since dividing cells have to couple histone with
DNA synthesis at the S-phase (Gunjan et al., 2006). Thus, non-
terminally differentiated cells such as NSPCs will synthesize
histones at a faster rate than terminally differentiated neurons.
Accordingly, a cathepsin-dependent mechanism for histone H3
turnover has been described in differentiating ES cells (Duncan
et al., 2008). Additionally, there is evidence that histone turnover
differs between actively transcribed and silent regions of the
genome, as well as that epigenetic modification can alter histone
turnover (Henikoff, 2008; Deal et al., 2010). Most of the effects
of histone PTMs in the literature have been assessed within
the conceptual framework of stable nucleosomes and do not
take into account potential effects on histone dynamics. Indeed,
the latter could prove to be a major mechanism of action of
epigenetic modifications, especially in light of recent advances
in techniques to measure histone turnover (Deal et al., 2010)
and findings of aberrant histone turnover in patients with
the neurodevelopmental disorder Rett syndrome (Lilja et al.,
2013). Whether the histone abundance in and of itself plays a
role in cellular differentiation is a consideration that has not
been addressed in existing research. It would be interesting to
investigate the consequences of enhanced or suppressed histone
synthesis on NSPC behavior.
CONCLUSION
Histone PTMs are an essential component of both embryonic
and adult neurogenesis. Some of them are induced by neurogenic
signals and appear to be under the control of specific signaling
pathways that are involved in neurogenesis in diverse ways.
More research is needed to decipher the exact pathways that
trigger histone modification by other enzymes, as well as the
mechanisms that lead to the tissue-specific effects of global
modulators. It is becoming clear that many of these answers lie in
the intricate albeit specific crosstalk between different epigenetic
modifiers within and among enzymatic complexes. Future
research into how the specific signaling networks influence the
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chromatin modifiers and their interactions in specific aspects of
NSPC differentiation and other cellular events will increase our
understanding of the process of neurogenesis and the pathologies
underlying neurodevelopmental and psychiatric disorders.
AUTHOR CONTRIBUTIONS
NM, VT, OH made substantial contributions to the conception
of the work; NM wrote the first draft of the manuscript and NM,
VT, OH revised it critically for important intellectual content;
NM, VT, OH gave final approval of the version to be published
and agreed to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and
resolved.
FUNDING
Funding in the Tropepe Lab is supported by CIHR. Funding in
the Hermanson Lab is supported by VR-MH, BCF, and CF. NM is
the recipient of an IBBME International Scholar’s Program award
and an NSERC Create in m3 award.
REFERENCES
Allfrey, V. G., Faulkner, R., and Mirsky, A. E. (1964). Acetylation and methylation
of histones and their possible role in the regulation of Rna synthesis. Proc. Natl.
Acad. Sci. U.S.A. 51, 786–794. doi: 10.1073/pnas.51.5.786
Aloia, L., Di Stefano, B., and Di Croce, L. (2013). Polycomb complexes in
stem cells and embryonic development. Development 140, 2525–2534. doi:
10.1242/dev.091553
Alvarez-Buylla, A., andNottebohm, F. (1988).Migration of young neurons in adult
avian brain. Nature 335, 353–354. doi: 10.1038/335353a0
Ancelin, K., Lange, U. C., Hajkova, P., Schneider, R., Bannister, A. J.,
Kouzarides, T., et al. (2006). Blimp1 associates with Prmt5 and directs histone
arginine methylation in mouse germ cells. Nat. Cell Biol. 8, 623–630. doi:
10.1038/ncb1413
Anderson, S. A., Qiu, M., Bulfone, A., Eisenstat, D. D., Meneses, J., Pedersen, R.,
et al. (1997). Mutations of the homeobox genes Dlx-1 and Dlx-2 disrupt the
striatal subventricular zone and differentiation of late born striatal neurons.
Neuron 19, 27–37. doi: 10.1016/S0896-6273(00)80345-1
Andersson, T., Duckworth, J. K., Fritz, N., Lewicka, M., Södersten, E.,
Uhlen, P., et al. (2011). Noggin and Wnt3a enable BMP4-dependent
differentiation of telencephalic stem cells into GluR-agonist responsive
neurons. Mol. Cell. Neurosci. 47, 10–18. doi: 10.1016/j.mcn.2011.
01.006
Andrés, M. E., Burger, C., Peral-Rubio, M. J., Battaglioli, E., Anderson, M.
E., Grimes, J., et al. (1999). CoREST: a functional corepressor required for
regulation of neural-specific gene expression. Proc. Natl. Acad. Sci. U.S.A. 96,
9873–9878. doi: 10.1073/pnas.96.17.9873
Bailey, C. H., Bartsch, D., and Kandel, E. R. (1996). Toward a molecular definition
of long-term memory storage. Proc. Natl. Acad. Sci. U.S.A. 93, 13445–13452.
doi: 10.1073/pnas.93.24.13445
Bannister, A. J., and Kouzarides, T. (2011). Regulation of chromatin by histone
modifications. Cell Res. 21, 381–395. doi: 10.1038/cr.2011.22
Bartkowska, K., Paquin, A., Gauthier, A. S., Kaplan, D. R., and Miller, F.
D. (2007). Trk signaling regulates neural precursor cell proliferation and
differentiation during cortical development. Development 134, 4369–4380. doi:
10.1242/dev.008227
Bateman, J. M., and McNeill, H. (2006). Insulin/IGF signalling in neurogenesis.
Cell. Mol. Life Sci. 63, 1701–1705. doi: 10.1007/s00018-006-6036-4
Bhaumik, S. R., Smith, E., and Shilatifard, A. (2007). Covalent modifications of
histones during development and disease pathogenesis. Nat. Struct. Mol. Biol.
14, 1008–1016. doi: 10.1038/nsmb1337
Bilodeau, S., Kagey, M. H., Frampton, G. M., Rahl, P. B., and Young, R. A.
(2009). SetDB1 contributes to repression of genes encoding developmental
regulators and maintenance of ES cell state. Genes Dev. 23, 2484–2489. doi:
10.1101/gad.1837309
Bird, A. (2007). Perceptions of epigenetics. Nature 447, 396–398. doi:
10.1038/nature05913
Bleckmann, S. C., Blendy, J. A., Rudolph, D., Monaghan, A. P., Schmid, W., and
Schutz, G. (2002). Activating transcription factor 1 and CREB are important for
cell survival during early mouse development. Mol. Cell. Biol. 22, 1919–1925.
doi: 10.1128/MCB.22.6.1919-1925.2002
Bond, A. M., Bhalala, O. G., and Kessler, J. A. (2012). The dynamic role of
bone morphogenetic proteins in neural stem cell fate and maturation. Dev.
Neurobiol. 72, 1068–1084. doi: 10.1002/dneu.22022
Brader, S., and Eccles, S. A. (2004). Phosphoinositide 3-kinase signalling pathways
in tumor progression, invasion and angiogenesis. Tumori 90, 2–8.
Branchi, I., Santucci, D., and Alleva, E. (2001). Ultrasonic vocalisation emitted by
infant rodents: a tool for assessment of neurobehavioural development. Behav.
Brain Res. 125, 49–56. doi: 10.1016/S0166-4328(01)00277-7
Cascante, A., Klum, S., Biswas, M., Antolin-Fontes, B., Barnabé-Heider, F.,
and Hermanson, O. (2014). Gene-specific methylation control of H3K9 and
H3K36 on neurotrophic BDNF versus astroglial GFAP genes by KDM4A/C
regulates neural stem cell differentiation. J. Mol. Biol. 426, 3467–3477. doi:
10.1016/j.jmb.2014.04.008
Castelo-Branco, G., Lilja, T.,Wallenborg, K., Falcão, A.M.,Marques, S. C., Gracias,
A., et al. (2014). Neural stem cell differentiation is dictated by distinct actions
of nuclear receptor corepressors and histone deacetylases. Stem Cell Reports 3,
502–515. doi: 10.1016/j.stemcr.2014.07.008
Chi, P., Allis, C. D., and Wang, G. G. (2010). Covalent histone modifications–
miswritten, misinterpreted and mis-erased in human cancers. Nat. Rev. Cancer
10, 457–469. doi: 10.1038/nrc2876
Chittka, A. (2010). Dynamic distribution of histone H4 arginine 3 methylation
marks in the developing murine cortex. PLoS ONE 5:e13807. doi:
10.1371/journal.pone.0013807
Chittka, A., Nitarska, J., Grazini, U., and Richardson, W. D. (2012). Transcription
factor positive regulatory domain 4 (PRDM4) recruits protein arginine
methyltransferase 5 (PRMT5) to mediate histone arginine methylation and
control neural stem cell proliferation and differentiation. J. Biol. Chem. 287,
42995–43006. doi: 10.1074/jbc.M112.392746
Choe, S. K., Lu, P., Nakamura, M., Lee, J., and Sagerström, C. G. (2009).
Meis cofactors control HDAC and CBP accessibility at Hox-regulated
promoters during zebrafish embryogenesis. Dev. Cell 17, 561–567. doi:
10.1016/j.devcel.2009.08.007
Chou, R. H., Yu, Y. L., and Hung, M. C. (2011). The roles of EZH2 in cell lineage
commitment. Am. J. Transl. Res. 3, 243–250.
Chrivia, J. C., Kwok, R. P., Lamb, N., Hagiwara, M., Montminy, M. R., and
Goodman, R. H. (1993). Phosphorylated CREB binds specifically to the nuclear
protein CBP. Nature 365, 855–859. doi: 10.1038/365855a0
Cloos, P. A., Christensen, J., Agger, K., and Helin, K. (2008). Erasing the methyl
mark: histone demethylases at the center of cellular differentiation and disease.
Genes Dev. 22, 1115–1140. doi: 10.1101/gad.1652908
Commerford, S. L., Carsten, A. L., and Cronkite, E. P. (1982). Histone turnover
within nonproliferating cells. Proc. Natl. Acad. Sci. U.S.A. 79, 1163–1165. doi:
10.1073/pnas.79.4.1163
Dang, L., and Tropepe, V. (2006). Neural induction and neural stem cell
development. Regen. Med. 1, 635–652. doi: 10.2217/17460751.1.5.635
Deal, R. B., Henikoff, J. G., and Henikoff, S. (2010). Genome-wide kinetics of
nucleosome turnover determined bymetabolic labeling of histones. Science 328,
1161–1164. doi: 10.1126/science.1186777
Dias, J. M., Ilkhanizadeh, S., Karaca, E., Duckworth, J. K., Lundin, V., Rosenfeld,M.
G., et al. (2014). CtBPs Sense Microenvironmental Oxygen Levels to Regulate
Neural Stem Cell State. Cell Rep. 8, 665–670. doi: 10.1016/j.celrep.2014.06.057
Frontiers in Neuroscience | www.frontiersin.org 12 December 2015 | Volume 9 | Article 483
Mitrousis et al. Histone PTM and Neurogenesis
Di Lorenzo, A., and Bedford, M. T. (2011). Histone arginine
methylation. FEBS Lett. 585, 2024–2031. doi: 10.1016/j.febslet.2010.
11.010
Dragatsis, I., Levine, M. S., and Zeitlin, S. (2000). Inactivation of Hdh in the brain
and testis results in progressive neurodegeneration and sterility in mice. Nat.
Genet. 26, 300–306. doi: 10.1038/81593
Duncan, E. M., Muratore-Schroeder, T. L., Cook, R. G., Garcia, B. A., Shabanowitz,
J., Hunt, D. F., et al. (2008). Cathepsin L proteolytically processes histone
H3 during mouse embryonic stem cell differentiation. Cell 135, 284–294. doi:
10.1016/j.cell.2008.09.055
Dworkin, S., Malaterre, J., Hollande, F., Darcy, P. K., Ramsay, R. G., and
Mantamadiotis, T. (2009). cAMP response element binding protein is required
for mouse neural progenitor cell survival and expansion. Stem Cells 27,
1347–1357. doi: 10.1002/stem.56
Dworkin, S., and Mantamadiotis, T. (2010). Targeting CREB signalling
in neurogenesis. Expert Opin. Ther. Targets 14, 869–879. doi:
10.1517/14728222.2010.501332
Estarás, C., Akizu, N., García, A., Beltrán, S., de la Cruz, X., and Martínez-Balbás,
M. A. (2012). Genome-wide analysis reveals that Smad3 and JMJD3 HDM co-
activate the neural developmental program. Development 139, 2681–2691. doi:
10.1242/dev.078345
Fasano, C. A., Dimos, J. T., Ivanova, N. B., Lowry, N., Lemischka, I. R., and
Temple, S. (2007). shRNA knockdown of Bmi-1 reveals a critical role for p21-
Rb pathway in NSC self-renewal during development. Cell Stem Cell 1, 87–99.
doi: 10.1016/j.stem.2007.04.001
Fasano, C. A., Phoenix, T. N., Kokovay, E., Lowry, N., Elkabetz, Y., Dimos, J.
T., et al. (2009). Bmi-1 cooperates with Foxg1 to maintain neural stem cell
self-renewal in the forebrain. Genes Dev 23, 561–574. doi: 10.1101/gad.1743709
Fong, J. J., Nguyen, B. L., Bridger, R., Medrano, E. E., Wells, L., Pan, S., et al.
(2012). beta-N-Acetylglucosamine (O-GlcNAc) is a novel regulator of mitosis-
specific phosphorylations on histone H3. J. Biol. Chem. 287, 12195–12203. doi:
10.1074/jbc.M111.315804
Forgione, N., and Tropepe, V. (2011). Histone deacetylase inhibition promotes
Caspase-independent cell death of ventral midbrain neurons. Mol. Cell.
Neurosci. 48, 117–128. doi: 10.1016/j.mcn.2011.06.012
Forgione, N., and Tropepe, V. (2012). Toll-like signaling and the cytokine IL-6
regulate histone deacetylase dependent neuronal survival. PLoS ONE 7:e41033.
doi: 10.1371/journal.pone.0041033
Fujiki, R., Hashiba, W., Sekine, H., Yokoyama, A., Chikanishi, T., Ito, S., et al.
(2011). GlcNAcylation of histone H2B facilitates its monoubiquitination.
Nature 480, 557–560. doi: 10.1038/nature10656
Gargiulo, G., Cesaroni, M., Serresi, M., de Vries, N., Hulsman, D., Bruggeman,
S. W., et al. (2013). In vivo RNAi screen for BMI1 targets identifies
TGF-beta/BMP-ER stress pathways as key regulators of neural- and
malignant glioma-stem cell homeostasis. Cancer Cell 23, 660–676. doi:
10.1016/j.ccr.2013.03.030
Garriga-Canut, M., Roopra, A., and Buckley, N. J. (2001). The basic helix-
loop-helix protein, sharp-1, represses transcription by a histone deacetylase-
dependent and histone deacetylase-independentmechanism. J. Biol. Chem. 276,
14821–14828. doi: 10.1074/jbc.M011619200
Grandel, H., Kaslin, J., Ganz, J., Wenzel, I., and Brand, M. (2006). Neural
stem cells and neurogenesis in the adult zebrafish brain: origin,
proliferation dynamics, migration and cell fate. Dev. Biol. 295, 263–277.
doi: 10.1016/j.ydbio.2006.03.040
Gross, R. E., Mehler, M. F., Mabie, P. C., Zang, Z., Santschi, L., and Kessler, J. A.
(1996). Bone morphogenetic proteins promote astroglial lineage commitment
by mammalian subventricular zone progenitor cells. Neuron 17, 595–606. doi:
10.1016/S0896-6273(00)80193-2
Gunjan, A., Paik, J., and Verreault, A. (2006). The emergence of regulated histone
proteolysis.Curr. Opin. Genet. Dev. 16, 112–118. doi: 10.1016/j.gde.2006.02.010
Hao, Y., Creson, T., Zhang, L., Li, P., Du, F., Yuan, P., et al. (2004). Mood stabilizer
valproate promotes ERK pathway-dependent cortical neuronal growth and
neurogenesis. J. Neurosci. 24, 6590–6599. doi: 10.1523/JNEUROSCI.5747-
03.2004
Hayakawa, K., Hirosawa, M., Tabei, Y., Arai, D., Tanaka, S., Murakami, N.,
et al. (2013). Epigenetic switching by the metabolism-sensing factors in the
generation of orexin neurons from mouse embryonic stem cells. J. Biol. Chem.
288, 17099–17110. doi: 10.1074/jbc.M113.455899
Henikoff, S. (2008). Nucleosome destabilization in the epigenetic regulation of
gene expression. Nat. Rev. Genet. 9, 15–26. doi: 10.1038/nrg2206
Hildebrand, J. D., and Soriano, P. (2002). Overlapping and unique roles for C-
terminal binding protein 1 (CtBP1) and CtBP2 during mouse development.
Mol. Cell. Biol. 22, 5296–5307. doi: 10.1128/MCB.22.15.5296-5307.2002
Hsieh, J., Nakashima, K., Kuwabara, T., Mejia, E., and Gage, F. H. (2004). Histone
deacetylase inhibition-mediated neuronal differentiation of multipotent adult
neural progenitor cells. Proc. Natl. Acad. Sci. U.S.A. 101, 16659–16664. doi:
10.1073/pnas.0407643101
Huang, C., Xiang, Y., Wang, Y., Li, X., Xu, L., Zhu, Z., et al. (2010). Dual-specificity
histone demethylase KIAA1718 (KDM7A) regulates neural differentiation
through FGF4. Cell Res. 20, 154–165. doi: 10.1038/cr.2010.5
Hummler, E., Cole, T. J., Blendy, J. A., Ganss, R., Aguzzi, A., Schmid, W.,
et al. (1994). Targeted mutation of the CREB gene: compensation within the
CREB/ATF family of transcription factors. Proc. Natl. Acad. Sci. U.S.A. 91,
5647–5651. doi: 10.1073/pnas.91.12.5647
Humphrey, G. W., Wang, Y. H., Hirai, T., Padmanabhan, R., Panchision, D. M.,
Newell, L. F., et al. (2008). Complementary roles for histone deacetylases 1, 2,
and 3 in differentiation of pluripotent stem cells. Differentiation 76, 348–356.
doi: 10.1111/j.1432-0436.2007.00232.x
Jacobs, J. J., Kieboom, K., Marino, S., DePinho, R. A., and van Lohuizen, M. (1999).
The oncogene and Polycomb-group gene bmi-1 regulates cell proliferation and
senescence through the ink4a locus. Nature 397, 164–168. doi: 10.1038/16476
Jepsen, K., Solum, D., Zhou, T., McEvilly, R. J., Kim, H. J., Glass, C. K., et al. (2007).
SMRT-mediated repression of an H3K27 demethylase in progression from
neural stem cell to neuron. Nature 450, 415–419. doi: 10.1038/nature06270
Jobe, E. M., McQuate, A. L., and Zhao, X. (2012). Crosstalk among
Epigenetic Pathways Regulates Neurogenesis. Front. Neurosci. 6:59. doi:
10.3389/fnins.2012.00059
Josselyn, S. A. (2005). What’s right with my mouse model? New insights into the
molecular and cellular basis of cognition from mouse models of Rubinstein-
Taybi Syndrome. Learn. Mem. 12, 80–83. doi: 10.1101/lm.93505
Kapeller, R., and Cantley, L. C. (1994). Phosphatidylinositol 3-kinase. Bioessays 16,
565–576. doi: 10.1002/bies.950160810
Kaslin, J., Kroehne, V., Benato, F., Argenton, F., and Brand, M. (2013).
Development and specification of cerebellar stem and progenitor cells in
zebrafish: from embryo to adult. Neural Dev. 8:9. doi: 10.1186/1749-8104-8-9
Katoh, K., Yamazaki, R., Onishi, A., Sanuki, R., and Furukawa, T. (2012). G9a
histone methyltransferase activity in retinal progenitors is essential for proper
differentiation and survival of mouse retinal cells. J. Neurosci. 32, 17658–17670.
doi: 10.1523/JNEUROSCI.1869-12.2012
Kengaku, M., and Okamoto, H. (1993). Basic fibroblast growth factor induces
differentiation of neural tube and neural crest lineages of cultured ectoderm
cells from Xenopus gastrula. Development 119, 1067–1078.
Kim, H. J., Leeds, P., and Chuang, D. M. (2009). The HDAC inhibitor, sodium
butyrate, stimulates neurogenesis in the ischemic brain. J. Neurochem. 110,
1226–1240. doi: 10.1111/j.1471-4159.2009.06212.x
Kim, J. H., Cho, E. J., Kim, S. T., and Youn, H. D. (2005). CtBP
represses p300-mediated transcriptional activation by direct association
with its bromodomain. Nat. Struct. Mol. Biol. 12, 423–428. doi: 10.1038/
nsmb924
Klose, R. J., Kallin, E. M., and Zhang, Y. (2006). JmjC-domain-containing
proteins and histone demethylation. Nat. Rev. Genet. 7, 715–727. doi: 10.1038/
nrg1945
Kornhauser, J. M., Cowan, C. W., Shaywitz, A. J., Dolmetsch, R. E., Griffith, E. C.,
Hu, L. S., et al. (2002). CREB transcriptional activity in neurons is regulated
by multiple, calcium-specific phosphorylation events.Neuron 34, 221–233. doi:
10.1016/S0896-6273(02)00655-4
Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128,
693–705. doi: 10.1016/j.cell.2007.02.005
Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic
and adult neural stem cells. Annu. Rev. Neurosci. 32, 149–184. doi:
10.1146/annurev.neuro.051508.135600
Lalonde, R. (1987). Motor abnormalities in weaver mutant mice. Exp. Brain Res.
65, 479–481. doi: 10.1007/bf00236322
Lee, K. J., Dietrich, P., and Jessell, T. M. (2000). Genetic ablation reveals that the
roof plate is essential for dorsal interneuron specification.Nature 403, 734–740.
doi: 10.1038/35001507
Frontiers in Neuroscience | www.frontiersin.org 13 December 2015 | Volume 9 | Article 483
Mitrousis et al. Histone PTM and Neurogenesis
Li, W., Cogswell, C. A., and LoTurco, J. J. (1998). Neuronal differentiation of
precursors in the neocortical ventricular zone is triggered by BMP. J. Neurosci.
18, 8853–8862.
Liem, K. F. Jr., Tremml, G., and Jessell, T. M. (1997). A role for the roof plate and
its resident TGFbeta-related proteins in neuronal patterning in the dorsal spinal
cord. Cell 91, 127–138. doi: 10.1016/S0092-8674(01)80015-5
Liem, K. F. Jr., Tremml, G., Roelink, H., and Jessell, T. M. (1995). Dorsal
differentiation of neural plate cells induced by BMP-mediated signals from
epidermal ectoderm. Cell 82, 969–979. doi: 10.1016/0092-8674(95)90276-7
Lilja, T., Wallenborg, K., Björkman, K., Albåge, M., Eriksson, M., Lagercrantz, H.,
et al. (2013). Novel alterations in the epigenetic signature of MeCP2-targeted
promoters in lymphocytes of Rett syndrome patients. Epigenetics 8, 246–251.
doi: 10.4161/epi.23752
Lim, D. A., Huang, Y. C., Swigut, T., Mirick, A. L., Garcia-Verdugo, J. M.,
Wysocka, J., et al. (2009). Chromatin remodelling factor Mll1 is essential
for neurogenesis from postnatal neural stem cells. Nature 458, 529–533. doi:
10.1038/nature07726
Lim, D. A., Tramontin, A. D., Trevejo, J. M., Herrera, D. G., García-Verdugo,
J. M., and Alvarez-Buylla, A. (2000). Noggin antagonizes BMP signaling to
create a niche for adult neurogenesis. Neuron 28, 713–726. doi: 10.1016/S0896-
6273(00)00148-3
Lindsey, B. W., and Tropepe, V. (2006). A comparative framework for
understanding the biological principles of adult neurogenesis. Prog. Neurobiol.
80, 281–307. doi: 10.1016/j.pneurobio.2006.11.007
Lledo, P. M., Merkle, F. T., and Alvarez-Buylla, A. (2008). Origin and function
of olfactory bulb interneuron diversity. Trends Neurosci. 31, 392–400. doi:
10.1016/j.tins.2008.05.006
Long, J. E., Garel, S., Alvarez-Dolado, M., Yoshikawa, K., Osumi, N., Alvarez-
Buylla, A., et al. (2007). Dlx-dependent and -independent regulation of
olfactory bulb interneuron differentiation. J. Neurosci. 27, 3230–3243. doi:
10.1523/JNEUROSCI.5265-06.2007
Lonze, B. E., and Ginty, D. D. (2002). Function and regulation of CREB
family transcription factors in the nervous system. Neuron 35, 605–623. doi:
10.1016/S0896-6273(02)00828-0
Luis, N. M., Morey, L., Di Croce, L., and Benitah, S. A. (2012). Polycomb
in stem cells: PRC1 branches out. Cell Stem Cell 11, 16–21. doi:
10.1016/j.stem.2012.06.005
Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A., Hetherington,
C., et al. (1996). Exon 1 of the HD gene with an expanded CAG repeat is
sufficient to cause a progressive neurological phenotype in transgenic mice. Cell
87, 493–506. doi: 10.1016/S0092-8674(00)81369-0
Mantamadiotis, T., Lemberger, T., Bleckmann, S. C., Kern, H., Kretz, O., Martin
Villalba, A., et al. (2002). Disruption of CREB function in brain leads to
neurodegeneration. Nat. Genet. 31, 47–54. doi: 10.1038/ng882
Margueron, R., and Reinberg, D. (2011). The Polycomb complex PRC2 and its
mark in life. Nature 469, 343–349. doi: 10.1038/nature09784
Marks, P. A.,Miller, T., and Richon, V.M. (2003). Histone deacetylases.Curr. Opin.
Pharmacol. 3, 344–351. doi: 10.1016/S1471-4892(03)00084-5
Miller, F. D., and Gauthier, A. S. (2007). Timing is everything: making
neurons versus glia in the developing cortex. Neuron 54, 357–369. doi:
10.1016/j.neuron.2007.04.019
Ming, G. L., and Song, H. (2011). Adult neurogenesis in the mammalian
brain: significant answers and significant questions. Neuron 70, 687–702. doi:
10.1016/j.neuron.2011.05.001
Miyata, T., Maeda, T., and Lee, J. E. (1999). NeuroD is required for differentiation
of the granule cells in the cerebellum and hippocampus. Genes Dev. 13,
1647–1652. doi: 10.1101/gad.13.13.1647
Molofsky, A. V., Pardal, R., Iwashita, T., Park, I. K., Clarke, M. F., and Morrison,
S. J. (2003). Bmi-1 dependence distinguishes neural stem cell self-renewal
from progenitor proliferation. Nature 425, 962–967. doi: 10.1038/nature
02060
Montgomery, R. L., Hsieh, J., Barbosa, A. C., Richardson, J. A., and Olson, E.
N. (2009). Histone deacetylases 1 and 2 control the progression of neural
precursors to neurons during brain development. Proc. Natl. Acad. Sci. U.S.A.
106, 7876–7881. doi: 10.1073/pnas.0902750106
Montminy, M. R., and Bilezikjian, L. M. (1987). Binding of a nuclear protein to the
cyclic-AMP response element of the somatostatin gene. Nature 328, 175–178.
doi: 10.1038/328175a0
Mottis, A., Mouchiroud, L., and Auwerx, J. (2013). Emerging roles of the
corepressors NCoR1 and SMRT in homeostasis. Genes Dev. 27, 819–835. doi:
10.1101/gad.214023.113
Nelson, D. M., Ye, X., Hall, C., Santos, H., Ma, T., Kao, G. D., et al.
(2002). Coupling of DNA synthesis and histone synthesis in S phase
independent of cyclin/cdk2 activity. Mol. Cell. Biol. 22, 7459–7472. doi:
10.1128/MCB.22.21.7459-7472.2002
Olave, I., Wang, W., Xue, Y., Kuo, A., and Crabtree, G. R. (2002). Identification of
a polymorphic, neuron-specific chromatin remodeling complex.Genes Dev. 16,
2509–2517. doi: 10.1101/gad.992102
O’Meara, M. M., and Simon, J. A. (2012). Inner workings and regulatory inputs
that control Polycomb repressive complex 2. Chromosoma 121, 221–234. doi:
10.1007/s00412-012-0361-1
Oswald, F., Kostezka, U., Astrahantseff, K., Bourteele, S., Dillinger, K., Zechner, U.,
et al. (2002). SHARP is a novel component of the Notch/RBP-Jkappa signalling
pathway. EMBO J. 21, 5417–5426. doi: 10.1093/emboj/cdf549
Oswald, F., Winkler, M., Cao, Y., Astrahantseff, K., Bourteele, S., Knöchel, W., et al.
(2005). RBP-Jkappa/SHARP recruits CtIP/CtBP corepressors to silence Notch
target genes. Mol. Cell. Biol. 25, 10379–10390. doi: 10.1128/MCB.25.23.10379-
10390.2005
Park, D. H., Hong, S. J., Salinas, R. D., Liu, S. J., Sun, S. W., Sgualdino, J., et al.
(2014). Activation of neuronal gene expression by the JMJD3 demethylase is
required for postnatal and adult brain neurogenesis. Cell Rep. 8, 1290–1299.
doi: 10.1016/j.celrep.2014.07.060
Pasini, D., Bracken, A. P., Hansen, J. B., Capillo, M., and Helin, K. (2007).
The polycomb group protein Suz12 is required for embryonic stem cell
differentiation.Mol. Cell. Biol. 27, 3769–3779. doi: 10.1128/MCB.01432-06
Pereira, J. D., Sansom, S. N., Smith, J., Dobenecker, M. W., Tarakhovsky, A., and
Livesey, F. J. (2010). Ezh2, the histone methyltransferase of PRC2, regulates the
balance between self-renewal and differentiation in the cerebral cortex. Proc.
Natl. Acad. Sci. U.S.A. 107, 15957–15962. doi: 10.1073/pnas.1002530107
Phillips, D. M. (1963). The presence of acetyl groups of histones. Biochem. J. 87,
258–263. doi: 10.1042/bj0870258
Popova, E. Y., Xu, X., DeWan, A. T., Salzberg, A. C., Berg, A., Hoh, J., et al.
(2012). Stage and gene specific signatures defined by histones H3K4me2 and
H3K27me3 accompany mammalian retina maturation in vivo. PLoS ONE
7:e46867. doi: 10.1371/journal.pone.0046867
Qian, X., Shen, Q., Goderie, S. K., He, W., Capela, A., Davis, A. A., et al. (2000).
Timing of CNS cell generation: a programmed sequence of neuron and glial
cell production from isolated murine cortical stem cells.Neuron 28, 69–80. doi:
10.1016/S0896-6273(00)00086-6
Qureshi, I. A., Gokhan, S., and Mehler, M. F. (2010). REST and CoREST are
transcriptional and epigenetic regulators of seminal neural fate decisions. Cell
Cycle 9, 4477–4486. doi: 10.4161/cc.9.22.13973
Reynolds, B. A., and Weiss, S. (1992). Generation of neurons and astrocytes from
isolated cells of the adult mammalian central nervous system. Science 255,
1707–1710. doi: 10.1126/science.1553558
Ribes, V., Wang, Z., Dollé, P., and Niederreither, K. (2006). Retinaldehyde
dehydrogenase 2 (RALDH2)-mediated retinoic acid synthesis regulates early
mouse embryonic forebrain development by controlling FGF and sonic
hedgehog signaling. Development 133, 351–361. doi: 10.1242/dev.02204
Rodriguez-Martínez, G., and Velasco, I. (2012). Activin and TGF-beta effects on
brain development and neural stem cells. CNS Neurol. Disord. Drug Targets 11,
844–855. doi: 10.2174/1871527311201070844
Roelfsema, J. H., and Peters, D. J. (2007). Rubinstein-Taybi syndrome:
clinical and molecular overview. Expert Rev. Mol. Med. 9, 1–16. doi:
10.1017/s1462399407000415
Rudolph, D., Tafuri, A., Gass, P., Hämmerling, G. J., Arnold, B., and Schütz, G.
(1998). Impaired fetal T cell development and perinatal lethality inmice lacking
the cAMP response element binding protein. Proc. Natl. Acad. Sci. U.S.A. 95,
4481–4486. doi: 10.1073/pnas.95.8.4481
Saitou, M. (2009). Germ cell specification in mice. Curr. Opin. Genet. Dev. 19,
386–395. doi: 10.1016/j.gde.2009.06.003
Sakabe, K., Wang, Z., and Hart, G. W. (2010). Beta-N-acetylglucosamine (O-
GlcNAc) is part of the histone code. Proc. Natl. Acad. Sci. U.S.A. 107,
19915–19920. doi: 10.1073/pnas.1009023107
Schaefer, A., Sampath, S. C., Intrator, A., Min, A., Gertler, T. S., Surmeier, D. J., et al.
(2009). Control of cognition and adaptive behavior by the GLP/G9a epigenetic
Frontiers in Neuroscience | www.frontiersin.org 14 December 2015 | Volume 9 | Article 483
Mitrousis et al. Histone PTM and Neurogenesis
suppressor complex. Neuron 64, 678–691. doi: 10.1016/j.neuron.2009.
11.019
Schuettengruber, B., Chourrout, D., Vervoort, M., Leblanc, B., and Cavalli, G.
(2007). Genome regulation by polycomb and trithorax proteins. Cell 128,
735–745. doi: 10.1016/j.cell.2007.02.009
Shakèd, M., Weissmuller, K., Svoboda, H., Hortschansky, P., Nishino, N.,
Wolfl, S., et al. (2008). Histone deacetylases control neurogenesis in
embryonic brain by inhibition of BMP2/4 signaling. PLoS ONE 3:e2668. doi:
10.1371/journal.pone.0002668
Shen, L., Nam, H. S., Song, P., Moore, H., and Anderson, S. A. (2006).
FoxG1 haploinsufficiency results in impaired neurogenesis in the postnatal
hippocampus and contextual memory deficits. Hippocampus 16, 875–890. doi:
10.1002/hipo.20218
Shi, X., Zhang, Z., Zhan, X., Cao, M., Satoh, T., Akira, S., et al. (2014). An
epigenetic switch induced by Shh signalling regulates gene activation during
development and medulloblastoma growth. Nat. Commun. 5, 5425. doi:
10.1038/ncomms6425
Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A., et al. (2004).
Histone demethylation mediated by the nuclear amine oxidase homolog LSD1.
Cell 119, 941–953. doi: 10.1016/j.cell.2004.12.012
Shi, Y., Sawada, J., Sui, G., Affar el, B., Whetstine, J. R., Lan, F., et al. (2003).
Coordinated histone modifications mediated by a CtBP co-repressor complex.
Nature 422, 735–738. doi: 10.1038/nature01550
Shinkai, Y., and Tachibana,M. (2011). H3K9methyltransferase G9a and the related
molecule GLP. Genes Dev. 25, 781–788. doi: 10.1101/gad.2027411
Steger, D. J., and Workman, J. L. (1999). Transcriptional analysis of
purified histone acetyltransferase complexes. Methods 19, 410–416. doi:
10.1006/meth.1999.0877
Sun, J., Sun, J., Ming, G. L., and Song, H. (2011). Epigenetic regulation of
neurogenesis in the adult mammalian brain. Eur. J. Neurosci. 33, 1087–1093.
doi: 10.1111/j.1460-9568.2011.07607.x
Tan, M., Luo, H., Lee, S., Jin, F., Yang, J. S., Montellier, E., et al. (2011).
Identification of 67 histone marks and histone lysine crotonylation
as a new type of histone modification. Cell 146, 1016–1028. doi:
10.1016/j.cell.2011.08.008
Tan, S. L., Nishi, M., Ohtsuka, T., Matsui, T., Takemoto, K., Kamio-Miura, A.,
et al. (2012). Essential roles of the histone methyltransferase ESET in the
epigenetic control of neural progenitor cells during development. Development
139, 3806–3816. doi: 10.1242/dev.082198
Tao, X., Finkbeiner, S., Arnold, D. B., Shaywitz, A. J., and Greenberg, M. E. (1998).
Ca2+ influx regulates BDNF transcription by a CREB family transcription
factor-dependent mechanism. Neuron 20, 709–726. doi: 10.1016/S0896-
6273(00)81010-7
Thisse, B., and Thisse, C. (2005). Functions and regulations of fibroblast growth
factor signaling during embryonic development. Dev. Biol. 287, 390–402. doi:
10.1016/j.ydbio.2005.09.011
Tio, M., Udolph, G., Yang, X., and Chia, W. (2001). cdc2 links the Drosophila
cell cycle and asymmetric division machineries. Nature 409, 1063–1067. doi:
10.1038/35059124
Tropepe, V. (2008). “Adult neurogenesis: an evolutionary perspective,” in Postnatal
and Adult Neurogenesis, ed L. Bonfanti (Trivandrum: Research Signpost T.C.),
275–293.
Tyssowski, K., Kishi, Y., and Gotoh, Y. (2014). Chromatin regulators of neural
development. Neuroscience 264, 4–16. doi: 10.1016/j.neuroscience.2013.10.008
van den Akker, E., Reijnen, M., Korving, J., Brouwer, A., Meijlink, F., and
Deschamps, J. (1999). Targeted inactivation of Hoxb8 affects survival of a
spinal ganglion and causes aberrant limb reflexes.Mech. Dev. 89, 103–114. doi:
10.1016/S0925-4773(99)00212-9
van der Lugt, N. M., Domen, J., Linders, K., van Roon, M., Robanus-Maandag, E.,
te Riele, H., et al. (1994). Posterior transformation, neurological abnormalities,
and severe hematopoietic defects in mice with a targeted deletion of the bmi-1
proto-oncogene. Genes Dev. 8, 757–769. doi: 10.1101/gad.8.7.757
Wang, J., Gallagher, D., DeVito, L. M., Cancino, G. I., Tsui, D., He, L., et al. (2012).
Metformin activates an atypical PKC-CBP pathway to promote neurogenesis
and enhance spatial memory formation. Cell Stem Cell 11, 23–35. doi:
10.1016/j.stem.2012.03.016
Wang, J., Weaver, I. C., Gauthier-Fisher, A., Wang, H., He, L., Yeomans, J.,
et al. (2010). CBP histone acetyltransferase activity regulates embryonic neural
differentiation in the normal and Rubinstein-Taybi syndrome brain. Dev. Cell
18, 114–125. doi: 10.1016/j.devcel.2009.10.023
Wang, Y., Wang, X., Liu, L., and Wang, X. (2009). HDAC inhibitor
trichostatin A-inhibited survival of dopaminergic neuronal
cells. Neurosci. Lett. 467, 212–216. doi: 10.1016/j.neulet.2009.
10.037
Weiss, S., Reynolds, B. A., Vescovi, A. L., Morshead, C., Craig, C. G., and van der
Kooy, D. (1996). Is there a neural stem cell in the mammalian forebrain? Trends
Neurosci. 19, 387–393. doi: 10.1016/S0166-2236(96)10035-7
Xu, X., Hoang, S., Mayo, M. W., and Bekiranov, S. (2010). Application of
machine learning methods to histone methylation ChIP-Seq data reveals
H4R3me2 globally represses gene expression. BMC Bioinformatics 11:396. doi:
10.1186/1471-2105-11-396
Yamada, M., Takeshita, T., Miura, S., Murata, K., Kimura, Y., Ishii, N., et al. (2001).
Loss of hippocampal CA3 pyramidal neurons in mice lacking STAM1. Mol.
Cell. Biol. 21, 3807–3819. doi: 10.1128/MCB.21.11.3807-3819.2001
Yao, B., and Jin, P. (2014). Unlocking epigenetic codes in neurogenesis. Genes Dev.
28, 1253–1271. doi: 10.1101/gad.241547.114
Ye, X., Franco, A. A., Santos, H., Nelson, D. M., Kaufman, P. D., and Adams, P. D.
(2003). Defective S phase chromatin assembly causes DNA damage, activation
of the S phase checkpoint, and S phase arrest. Mol. Cell 11, 341–351. doi:
10.1016/S1097-2765(03)00037-6
Yeap, L. S., Hayashi, K., and Surani, M. A. (2009). ERG-associated protein with
SET domain (ESET)-Oct4 interaction regulates pluripotency and represses
the trophectoderm lineage. Epigenetics Chromatin 2:12. doi: 10.1186/1756-89
35-2-12
Yoo, A. S., and Crabtree, G. R. (2009). ATP-dependent chromatin remodeling
in neural development. Curr. Opin. Neurobiol. 19, 120–126. doi:
10.1016/j.conb.2009.04.006
Yoshida, M., Kijima, M., Akita, M., and Beppu, T. (1990). Potent and specific
inhibition of mammalian histone deacetylase both in vivo and in vitro by
trichostatin A. J. Biol. Chem. 265, 17174–17179.
Young, D., Lawlor, P. A., Leone, P., Dragunow, M., and During, M. J. (1999).
Environmental enrichment inhibits spontaneous apoptosis, prevents seizures
and is neuroprotective. Nat. Med. 5, 448–453. doi: 10.1038/7449
Yu, I. T., Park, J. Y., Kim, S. H., Lee, J. S., Kim, Y. S., and Son, H. (2009).
Valproic acid promotes neuronal differentiation by induction of proneural
factors in association with H4 acetylation. Neuropharmacology 56, 473–480.
doi: 10.1016/j.neuropharm.2008.09.019
Yuan, P., Han, J., Guo, G., Orlov, Y. L., Huss, M., Loh, Y. H., et al. (2009). Eset
partners with Oct4 to restrict extraembryonic trophoblast lineage potential in
embryonic stem cells. Genes Dev. 23, 2507–2520. doi: 10.1101/gad.1831909
Zentner, G. E., and Henikoff, S. (2013). Regulation of nucleosome dynamics
by histone modifications. Nat. Struct. Mol. Biol. 20, 259–266. doi:
10.1038/nsmb.2470
Zhao, Q., Rank, G., Tan, Y. T., Li, H., Moritz, R. L., Simpson, R. J., et al. (2009).
PRMT5-mediated methylation of histone H4R3 recruits DNMT3A, coupling
histone and DNA methylation in gene silencing. Nat. Struct. Mol. Biol. 16,
304–311. doi: 10.1038/nsmb.1568
Zhou, Q., Dalgard, C. L., Wynder, C., and Doughty, M. L. (2011). Histone
deacetylase inhibitors SAHA and sodium butyrate block G1-to-S cell cycle
progression in neurosphere formation by adult subventricular cells. BMC
Neurosci. 12:50. doi: 10.1186/1471-2202-12-50
Zhu, D. Y., Lau, L., Liu, S. H., Wei, J. S., and Lu, Y. M. (2004). Activation of
cAMP-response-element-binding protein (CREB) after focal cerebral ischemia
stimulates neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. U.S.A.
101, 9453–9457. doi: 10.1073/pnas.0401063101
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Mitrousis, Tropepe and Hermanson. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 15 December 2015 | Volume 9 | Article 483
